Purpose: An artificial vasculature device (AVD) concept that acts as a buffer between the left ventricle and the aorta -allowing researchers to control the impedance seen by the left ventricle during ejection as well as the ejection profile sent to the aorta is being developed. In this paper, the effect of varying the shape of the ejection profile on the cardiovasculature system is investigated.
Introduction
An artificial vasculature device (AVD) is being developed by researchers at the University of Louisville Department of Surgery [1] . This device will allow the left ventricle to pump directly into the AVD during systole as shown in Figure 1 . During diastole, the AVD will then pump the blood to the body.
With this configuration, the load seen by the heart as well as the heart seen by the body can be defined by the control law used for the DC servo motor controlling the AVD pump. In this paper, we look at how the heart behaves by controlling the pump characteristics during systole. 
Methods:
A dynamic seventh-order pressure-driven model of the human cardiovascular system as presented in Figure 2 was used to develop the concept of an artificial vasculature device (AVD) to promote myocardial recovery in heart failure patients. [1] [2] [3] [4] To model the effect of the AVD, an eighth state was added: one which accepts blood from the left ventricle with a controlled impedance (i.e. dynamic pressure vs. flow relationship) when the left ventricle opens, and which then empties, delivering the blood to the body when the left ventricle closes as shown in the shaded region of Figure 2 .
During systole, valve 1 opens, valve 2 closes, and the left ventricle pumps directly into the AVD. During diastole, valve 1 closes, valve 2 opens, and the AVD pumps to the aorta, resulting in counter-pulsitation.
A typical pressure signal with the AVD in place is shown in Figure 3 . Note that the left ventricle pumps into the AVD, seen by the AVD volume increasing during the systole. Once completed, the AVD discharges its volume into the aorta. 
LV pumps directly into the AVD (region 1). During diastole, the AVD discharges it's blood into the body (region 2) or waits for systole (region 3).
Physically, the AVD will be implemented using a DC servo motor driving a pump. By varying the control law on this motor, the pressure -flow characteristics seen by the heart in Region 1 can be made to behave as an arbitrary Windkessel model. During Region 2, the blood discharged to the body can follow any profile by changing the control law to the motor.
This study looks at how varying the ejection profile affects the simulated CV system of the body.
Ejection Profiles
Three ejection profiles are considered
Constant Flow
Constant Pressure
Spline Curve Fit
Constant flow is obtained by controlling the speed of the DC servo motor to a constant:
Constant pressure is obtained by controlling the current in the DC servo motor such that the pressure is regulated to a conusant.
A spline curve fit is similar to constant flow -only that the motor's position profile follows a cosine function:
The duration of the ejection (T) is varied in these studies as The effect on the CV system is considered as Pulsitility throughout the CV system (max -min pressure at constant flow)
Harmonic content
Shifts in the DC operating point
Results:
By adding an AVD in the cardiovasculature loop, counter pulsation results. This is seen in Figure 4 where the aortic pressure with the AVD is delayed relative to the LVP wave with the AVD. The four ejection profile under consideration are also presented in this figure.
With the series nature of the cardiovasculature system, the effect of the ejection profile will be mitigated as one proceeds along the CV loop. In Figure 5 , the pulsitility of the first three elements past the AVD are presented for four different ejection rates. Note that at the aortadirectly fed from the AVD, the shorter the ejection profile the greater the pressure difference and the greater the harmonic content (presented in figure 6 ) Note that if the ejection time goes to zero, the aortic pressure reaches a maximum value of 104mmHg -since the aortic pressure drops after some time and this is a cyclic process. Similarly, the shape of the ejection profile affects the aortic pressure slightly as presented in Figure 7 -but has negligible effect on the arterial or venial pressure.
Conclusions and Future Work
With an AVD, the ejection profile is somewhat arbitraryso long as all the blood accepted during systole is ejected during dystole. From simulation results, very little difference results from ejecting to a constant pressure, constant flow, or following a more complex spline curve.
The main effect -that of the pulsitility and harmonic content of the aortic pressure can be controlled simply by controlling the ejection time or ejection profile.
The effect of this pulsitility on an actual cardiovasculature system remains an open question that the AVD will allow researchers at the University of Louisville to answer in future studies. 
